Background: C-reactive protein (CRP) is a well-recognized biomarker of inflammation, which can be used as a predictor of cardiovascular disease. Evidence have suggested exposure to multiple metals/metalloids may affect immune system and give rise to cardiovascular disease. However, it is lack of study to comprehensively evaluate the association of multiple metals and CRP, the interactions between metals, and the gene-metal interaction in relation to CRP levels. Aims: To explore the associations of multiple plasma metals with serum CRP, and to test the interactions between metals, and gene-metal interactions on the levels of serum CRP. Methods: We included 2882 participants from the Dongfeng-Tongji cohort, China, and measured 23 plasma metals and serum CRP concentrations. The genetic risk score (GRS) was calculated based on 7 established CRPassociated variants. For metals which were associated with the levels of CRP, we further tested the interactions between metals on CRP, and analyzed the gene-metal interactions on CRP. Results: The median level for CRP in the total population was 1.17 mg/L. After multivariable adjustment, plasma copper was positively associated with serum CRP (FDR < 0.001), whereas selenium was negatively associated with serum CRP (FDR = 0.01). Moreover, selenium and zinc attenuated the positive association between high plasma copper and CRP (P for interaction < 0.001). Participants with a higher GRS had a higher CRP level, with the increase in ln-transformed CRP per increment of 5 risk alleles were 0.64 for weighted GRS, and 0.54 for unweighted GRS (both P < 0.001). Furthermore, the genetic association with CRP was modified by copper concentration (P for interaction < 0.001). Conclusions: Our results suggest that serum CRP is positively associated with plasma concentration of copper, and inversely associated with selenium. Plasma zinc, selenium and CRP genetic predisposition would modify the associations between plasma copper and serum CRP.
Introduction
With rapid urbanization and industrialization, co-exposure to multiple metals/metalloids from geological origin have become a global public health threat in recent decades [1] [2] [3] . Emerging evidence suggest that chronic exposure to metals may affect immune system and give rise to cardiovascular disease [1, 3, 4] . C-reactive protein (CRP) is a well-recognized acute-phase and nonspecific biomarker of https://doi.org/10.1016/j.redox.2019.101404 Received 11 October 2019; Received in revised form 2 December 2019; Accepted 7 December 2019 inflammation [5] . It is involved in the immunologic process that triggers vascular remodeling and plaque deposition and it can be used as a predictor of cardiovascular disease [5, 6] . A limited number of epidemiological studies have investigated the associations between several metals/metalloids (copper [7] [8] [9] , zinc [8, 10, 11] , selenium [12, 13] , magnesium [14, 15] , lead [16] ) and the inflammation marker CRP. These studies, however, had relatively small sample sizes (n < 200) [7] [8] [9] [10] 14] , restricted study populations (participants with specific diagnosis, including HIV infection, malaria [8, 9, 11, 14] ), or lacked adjustment for potential confounding (including age, sex) [7, 8, 17] . Furthermore, most existing observations did not fully explore the associations of multiple metals with CRP, or take into account the interactions between metals. People are exposed to multiple metals simultaneously in the real-world scenario, and the interactions among metals occur frequently and can both increase and decrease the toxicity of metals [3] .
Recently, a large scale genome-wide association studies (GWAS) have identified 7 single nucleotide polymorphisms (SNPs) that are associated with CRP levels among Asian population [18] . These SNPs play important roles in the biological pathways of regulating CRP levels. As a major source of inflammatory stimuli, exposure to multiple metals may participate in the CRP regulation through related pathways. Investigations of the gene-environment interaction studies are effective tools for assessing hypothesized biological mechanisms and advancing the mechanistic understanding [19, 20] . However, despite the importance, to the best of our knowledge, no study has investigated whether CRP genetic variations may modify the associations of multiple metals and CRP.
Therefore, in the current study, we analyzed the associations between exposure to multiple metals and serum CRP. In addition, we calculated the genetic risk score (GRS) on the basis of the 7 loci that have been associated with CRP [21] , and particularly examined the interactions between metals and GRS in relation to CRP among the Dongfeng-Tongji cohort population.
Methods

Study population
The Dongfeng-Tongji (DFTJ) cohort is a population-based survey established from September 2008 to June 2010 including 27,009 retired employees from the Dongfeng Motor Corporation (DMC), Shiyan City, China. Trained interviewers administered a standardized questionnaire to collect information on socio-demographic characteristics (age, sex, education level), lifestyle behaviors (alcohol consumption, tobacco smoking, physical activity, dietary intake), personal health and medical history. The participants also completed physical examinations, and provided peripheral venous blood samples after overnight fasting at baseline [22] . In 2013, they were face-to-face interviewed and completed physical examinations again, and the overall follow-up rate was 96.2%. We conducted a nested-case control study including 1621 incident coronary heart disease (CHD) cases and 1621 age and sex-matched controls within this cohort to assess the prospective association between plasma metal concentrations and incident CHD (n = 3242) [23] . The eligibility criteria and study design for this study have been described in detail in previous publications [23] . The 1621 cases were those free of CHD, stroke at baseline but developed CHD during the follow-up, whereas the 1621 age and sex-matched controls were those free of CHD, stroke both at baseline and during the followup (until 31 December 2013). After the exclusion of participants with missing values for serum CRP or CRP levels > 10 mg/L, a total of 2882 participants with genotyping data were included in the present study. All participants provided written informed consent forms. The study protocol was approved by the Institutional Review Board of the Tongji Medical College, Wuhan, China.
Assessment of CRP
The blood samples were drawn in the morning after overnight fasting, collected in EDTA tubes, centrifuged and stored at −80°C before processed in the laboratory tests. Serum CRP was measured by Latex turbidimetric Immunoassay on ABBOTT ARCHITECT C16000 Fully Automatic Biochemical Analyzer using C-reactive Protein Assay Kit (Abbott, Shanghai, China). CRP levels of each case-control pair were measured in the same analytical run in a random sequence, quality control samples were dispersed throughout each analytic run. The limit of detection (LOD) for serum CRP was 0.10 mg/L and only 14 participants (0.4%) were below the LOD. CRP concentrations below the LOD were imputed with a value equal to the half of the LOD (0.05 mg/L). The intra-assay and inter-assay coefficient of variation for serum CRP was 6.5% and 3.4%, respectively.
Assessment of metals
Plasma metals/metalloids (aluminum, antimony, arsenic, barium, cadmium, chromium, cobalt, copper, iron, lead, manganese, molybdenum, nickel, rubidium, selenium, strontium, thallium, tin, titanium, tungsten, uranium, vanadium, zinc) were measured by Agilent 7700x inductively coupled plasma mass spectrometer (ICP-MS) following a standardized protocol, and the methods of accuracy evaluation and quality control have been described previously [23, 24] . We tested the accuracy of ICP-MS by measuring certified reference agents (ClinChek human plasma controls for trace elements no. 8883 and 8884, Recipe, Munich, Germany) and standard reference materials 1640a (Trace Elements in Natural Water, National Institute of Standards and Technology, Gaithersburg, MD) in every 20 plasma biospecimens. Additionally, we measured a spiked mixed specimen of 100 randomly selected plasma samples for metals without standard reference agents (rubidium, titanium and tungsten). The spike recovery values of those three metals ranged from 82.9% to 105.8%. Intra-assay and inter-assay coefficients of variations for all plasma metals were below 10%. We excluded tungsten, tin, and uranium from further analysis given more than half of the participants (98.3%, 80.2%, and 54.0%, respectively) had plasma concentrations < LOD [23] . For all other metals, less than 12% of the samples had values below the LOD, and they were imputed with a value equal to the half of the detection limit. Previously, we have explored the correlations of metals between plasma, whole blood, and urine, and observed poor correlation of plasma chromium, iron, and cadmium with both whole blood and urine concentrations [23] . Moreover, some evidence suggested these metals mostly locate in the blood cells [3, 25, 26] . Therefore, we assumed plasma cadmium, chromium and iron were not reliable biomarkers to accurately reflect internal exposure, which were excluded from further analyses. Finally, seventeen plasma metals were included in the present study.
Assessment of covariates
Information on socio-demographics (age, sex, education), lifestyles (smoking status, drinking status), personal medical histories (hypertension, hyperlipidemia, diabetes) were collected from semi-structured questionnaires. Education level was categorized as primary school or below, middle school, or high school or beyond. Current smokers were defined as smoking at least one cigarette per day over the last 6 months, former smokers were participants who quitted smoking for more than six months. Current drinkers were defined as drinking at least one time per week over the last 6 months, former drinkers were participants who quitted drinking for more than six months. Regular exercise was identified as those who regularly exercised > 30 min/day and > 5 days/week. The measurements of weight, height, blood pressures, blood lipids, fasting glucose, and serum creatinine were conducted at Sinopharm Dongfeng General Hospital by well-trained physicians. Body mass index (BMI) was calculated as weight (kg) divided by the square of height (m 2 ). Participants were identified as hypertension if they had a self-reported history of hypertension, or selfreported use of anti-hypertensive medications, or with systolic blood pressure (SBP) ≥140 mmHg or diastolic blood pressure (DBP) ≥90 mmHg. Participants were identified as having diabetes mellitus if the level of fasting glucose was 7.0 mmol/L or higher, or with a selfreported history of diabetes, or use of anti-diabetic medications. Hyperlipidemia was identified if total cholesterol was ≥5.72 mmol/L, or triglycerides was ≥1.70 mmol/L, or with self-reported physician diagnosis or use of lipid-lowering drugs. The estimated glomerular filtration rate (eGFR) was calculated by the Modification of Diet in Renal Disease equation based on Chinese patients with chronic kidney disease [27] .
Genotyping and calculation of the GRS
We selected seven single nucleotide polymorphisms (SNPs) associated with CRP which were identified from the largest and most recently published genome-wide association study among Japanese individuals (n = 75,391) [18] , including rs12133641 in IL6R, rs3093068 in CRP, rs814295 in GCKR, rs79802086 in LOC401312, rs1169284 in HNF1A, rs151233628 in WSCD1, and rs429358 in APOE. The genotypes of the selected 7 SNPs were determined from the GWAS scan with Affymetrix Genome-Wide Human SNP Array 6.0 chips and Illumina Infinium OmniZhongHua-8 Chips. The detailed genotyping procedures and quality control processes have been described in detail elsewhere [28, 29] . All SNPs satisfy the criteria of the Hardy-Weinberg equilibrium (P > 0.05/7 = 0.007) and the minor allele frequency (MAF) > 0.01 in Chinese population.
The GRS was calculated based on the 7 selected CRP associated genetic variants by use of a previously reported weighted method [21] . Each SNP was recoded as 0, 1, or 2 according to the number of risk alleles (CRP increasing alleles). We calculated the unweighted GRS by summation of the number of risk alleles. We calculated the weighted GRS by using the equation: GRS = (β1 × SNP1 + β2 × SNP2 + … + β7 ×SNP7) × (7/sum of the β coefficients), where the β is the β coefficient of each individual SNP on CRP obtained from the above mentioned GWAS study [18] , and sum of the β coefficients is 0.496 in the current analysis. The genetic risk score ranges from 0 to 14, with each unit corresponding to one risk allele and higher scores indicating a higher genetic predisposition to CRP levels.
Statistical analysis
We categorized CRP to low and high groups according to the median concentrations of CRP in the controls (1.02 mg/L). Baseline characteristics of total participants and by two CRP groups are presented as mean (standard deviation, SD) or median (interquartile range, IQR) for continuous variables and number (percentage) for categorical variables. Given the skewed-distributions of CRP and metals, we used natural log-transformed values to achieve approximately symmetrical distributions. To increase comparability of estimates, the metals concentrations were further standardized to z scores before analyses. We assessed the associations of 17 metals with CRP levels through generalized linear regression models with adjustment for age (continuous), sex, smoking status (current/ever/never), drinking status (current/ ever/never), body mass index (BMI) (continuous), education (primary school or below/middle school/high school or beyond), hypertension (yes/no), diabetes (yes/no), hyperlipidemia (yes/no), eGFR (continuous), and future disease status of CHD (yes/no). We also conducted restricted cubic splines to visualize the potential non-linear associations of copper and selenium with CRP levels using 3 knots placed at the 5th, 50th, and 95th percentiles of its distribution, with the reference value set at the 10th percentile of metal concentrations. The extreme metal values below the 1st percentile or higher than the 99th percentile were excluded to avoid the influence on the spline. In the sensitivity analysis, we conducted similar analyses among the 1390 participants identified as control participants (free of CHD and stroke at baseline survey and during follow-up) of the original CHD nested case-control study to exclude the potential influence of the future case-status of CHD. After deriving P values for each individual metal, we also derived corresponding P values after False Discovery Rate (FDR) adjustment (using published software [30] ). Two-sided FDR < 0.05 was regarded as statistically significant. Furthermore, we evaluated metal-CRP associations among high or low CRP subgroups. Stratified analyses were also performed according to baseline characteristics, including age (< 65, ≥65 years), sex, BMI (< 24.0, ≥24.0 kg/m 2 ), presence of hypertension, diabetes, and hyperlipidemia (yes, no) in the generalized linear model. We further evaluated the interactions between metals for the metals which have significant associations with CRP after FDR adjustment in the fully adjusted model (copper-selenium), or metals with evidence of related biological mechanisms on CRP (copper-zinc) [9, 31] . We divided the individual metals into low, median, and high groups based on tertiles among the participants identified as control subjects in the original nested case-control study. Therefore, a combined category variable was created for two metals. We calculated the multivariable-adjusted mean values of CRP concentrations of the nine groups. P for interactions were calculated by including the product term of the metal concentrations (both continuous variables) in the multivariable-adjusted model.
The associations between SNP genotypes and serum CRP levels were evaluated using a linear regression model assuming additive effects of the alleles (0, 1 and 2). The SNPTEST software package was used to perform this statistical analysis (Wellcome Trust Case Control 2007). We performed principal components analysis (PCA) to correct for the population stratification using EIGENSTRAT software [32] , and adjusted for age, sex and the top three eigenvectors (the principal components) in the linear regression models. We extracted the results of seven selected SNPs from the genome-wide association analysis.
We then evaluated whether the CRP-GRS (weighted and unweighted GRS) and each CRP related SNP would modify the associations of copper and selenium on CRP. The weighted and unweighted genetic risk scores were divided into three groups (low, median, high) by tertiles of the total population. Generalized linear model was used to estimate the differences in CRP levels according to tertiles of the genetic risk score. We also examined the differences in CRP per increment of 5-risk allele. We calculated the multivariable-adjusted mean values of CRP concentrations according to the combined categories of metal and GRS. Interaction effects between metals and genetic risk scores with respect to CRP levels were tested by modeling an interaction term between each metal (continuous) and GRS (continuous) in generalized linear regression models, adjusted for age, sex, BMI, smoking status, drinking status, education, hypertension, diabetes, hyperlipidemia, eGFR, and future disease status of CHD. We further estimated the differences in ln-transformed CRP levels associated with a 1-standard deviation increase in ln-transformed metals concentrations according to each CRP-related gene variant genotypes using generalized linear model.
For all associations, we reported beta coefficients (β) and their 95% confidence intervals (CIs) which represent the estimated difference in ln-transformed dependent variables associated with a 1-SD increase in ln-transformed independent variables. We performed analyses with SAS version 9.3 (SAS Institute, Cary, NC) and R software (version 3.1.2, R Core Team), and defined statistical significance as two-tailed P < 0.05. Power calculations were performed with GPower 3.1.9.4 [33] for GRSmetal interactions, and Quanto1.2.4 (http://biostats.usc.edu/Quanto. html) for SNP-metal interactions.
Results
General characteristics of the study population
The baseline characteristics of the total study participants
Redox Biology 29 (2020) 101404 (n = 2882) and the participants in low/high CRP groups are presented in Table 1 . In the total study population, the mean age was 65.58 years, and approximately half of the participants were males (48.9%). The study participants had an average BMI of 24.58, and the percentages of current smokers and current drinkers were 20.0% (n = 577) and 22.5% (n = 647), respectively. About 904 (31.4%) of the participants had an education level of high school or beyond. With respect to disease history, there were 1595 (55.3%), 499 (17.3%), and 1532 (53.2%) participants identified as hypertension, diabetes mellitus, and hyperlipidemia. The median concentrations of CRP in total participants and control subjects in the nested case-control study were 1.17 and 1.02 mg/L, respectively. The median values (IQR) of the weighted and unweighted genetic risk score were 5.87 (4.98, 6.89) and 6.00 (5.00, 7.00), respectively.
Associations of plasma metals with serum CRP
Plasma copper was positively associated with serum CRP levels, while plasma selenium and plasma molybdenum were inversely associated with serum CRP levels with adjustment for age and sex in model 1 (all FDR < 0.05) ( Table 2 ). Other metals/metalloids were not associated with serum CRP. In the fully adjusted model (model 2), the linear associations of copper and selenium with CRP remained significant (all FDR < 0.05), and the adjusted beta coefficients (95% CI) were 0.262 (0.227, 0.296) and −0.058 (−0.093, −0.022), respectively. The restricted cubic splines demonstrated significant non-linear relation between copper and CRP, with a slight decrease in slope for copper concentrations above 960 μg/L (P for non-linear association = 0.03, Fig. 1A) . On the contrary, we did not find significant nonlinear relation for selenium and CRP (P for non-linear association = 0.63, Fig. 1B) . The sensitivity analyses conducted in the control subjects showed similar results to the primary results for copper and CRP, however, the association between selenium and CRP was not statistically significant after FDR adjustment (FDR = 0.06) (Table S1 ).
When the analysis was stratified to compare subgroups of participants ( Fig. S1 ) with serum CRP values of ≤1.02 (low CRP group) and > 1.02 mg/L (high CRP group), a significant inverse association of plasma selenium with CRP was observed in the high group (−0.05, 95% CI: 0.08, −0.02, P < 0.001), but not in the low group (0.001, 95% CI: 0.03, 0.03, P = 0.96). Plasma copper was significantly associated with CRP levels in both high and low CRP groups (both P < 0.001) (0.07 vs. 0.19). The associations of CRP with copper and Bars are means (SEs) after adjustment of age, sex, body mass index, smoking status, drinking status, education, hypertension, diabetes, hyperlipidemia, estimated glomerular filtration rate, and the future disease status of CHD. The plasma copper, selenium and zinc groups (lowest, median or highest group) were defined by tertiles among the participants identified as control subjects in the original nested case-control study. P for interactions were calculated by including the product term of the metal concentrations (continuous variables) in the multivariable-adjusted model. selenium did not appear to be modified by age, sex, BMI, hypertension, diabetes, and hyperlipidemia (Fig. S2) .
Interaction between metals on CRP
In Fig. 2 , we found significant interactions between copper and selenium, copper and zinc, with respect to serum CRP levels (all P for interactions < 0.001), and suggested that higher plasma selenium and zinc concentrations may attenuate the positive association between plasma copper and CRP. Among the nine combined categories created for copper and selenium, the highest multivariable-adjusted mean (SE) of CRP levels was 3.14 (0.12) mg/L in lowest Se/highest Cu group, and the lowest multivariable-adjusted mean (SE) of CRP levels was 0.97 (0.13) mg/L in highest Se/lowest Cu group. Similar interaction patterns were also observed for plasma copper and plasma zinc. Table S2 presents the detailed information of the seven CRP-related SNPs in DFTJ cohort and the published study. The 7-SNP weighted and unweighted GRS explained 3.3% and 2.5% of the variation in CRP among our study participants, respectively. The estimated difference in CRP levels were gradually increased across tertiles of weighted and unweighted GRS (all P for trend < 0.001). After multivariable adjustment, differences in ln-CRP per 5-risk allele increment were 0.64 (SE, 0.06) and 0.54 (SE, 0.06) for weighted and unweighted GRS, respectively (Table 3 ). Fig. 3 shows multivariable-adjusted CRP levels according to the combined categories of copper status and the genetic risk score. CRP levels were higher with elevated plasma copper concentrations among participants at higher genetic risk, and were lower with decreased plasma copper concentrations among participants at lower genetic risk (both P for interaction < 0.001). The adjusted mean (SE) of CRP was 3.00 (0.11) mg/L among participants with highest copper concentration and highest weighted GRS, whereas 1.06 (0.12) mg/L for the lowest copper and lowest GRS group. Similar trend was observed for the combined groups of unweighted GRS and copper concentration. We did not observe significant interactions between CRP-GRS and plasma selenium in relation to CRP levels (data not shown).
Interaction between metals and genetic polymorphisms on CRP
The interactions of copper, selenium with each genetic polymorphism in relation to CRP are shown in Table S3 . When stratified by Table 3 The estimated difference in ln-transformed C-reactive protein levels [β (SE)] associated with tertiles of GRS, and per increment of five risk alleles (n = 2882). 
Fig. 3.
Concentrations of serum C-reactive protein according to plasma copper status and genetic risk score (GRS, panel A, weighted genetic risk score; panel B, unweighted genetic risk score, n = 2882). Bars are means (SEs) after adjustment of age, sex, body mass index, smoking status, drinking status, education, hypertension, diabetes, hyperlipidemia, estimated glomerular filtration rate, and the future disease status of CHD. The plasma copper groups (lowest, median or highest group) were defined by tertiles among the participants identified as control subjects in the original nested case-control study. The GRS (lowest, median or highest group) groups were defined by tertiles of the total population. P for interactions were calculated by including the product term of the copper concentrations with GRS in the multivariable-adjusted model.
SNP genotypes, carriers of rs12133641-GG, rs3093068-GG, rs814295-GG, rs79802086-TT, rs1169284-CC, rs151233628-CT/TT, and rs429358-TT genotype showed stronger associations between copper and CRP (all P for interactions < 0.05). However, we found no interactions between genetic polymorphisms and plasma selenium (all P for interaction > 0.05). The present study had more than 99% statistical power to detect the interaction between CRP-GRS and plasma copper on serum CRP levels. Usually, the statistical power to detect the relatively small effects conferred by each SNP is limited. However, the study still had 70.0%-99.9% power to detect significant (P < 0.05) gene-copper interaction effect sizes of 1.17 mg/L for CRP.
Discussion
In the present study, serum CRP levels were positively associated with plasma copper concentrations but inversely associated with plasma selenium concentrations, with a monotonic dose-response. Other plasma metals/metalloids were not associated with serum CRP levels. We examined interactions between metals and found that higher selenium and zinc plasma concentrations attenuated the positive association between high plasma copper and CRP. Importantly, we observed consistent associations of CRP genetic score (weighted and unweighted) with the level of CRP. We also found significant interaction between copper and GRS in predicting CRP levels. These results for the first time suggest that individuals with a greater genetic predisposition to CRP might be more susceptible to the adverse influence of copper exposure on CRP. Meanwhile, the copper exposure might magnify genetic effects on CRP.
Copper and zinc are trace elements essential for life and constitute components of about 40 metalloenzymes, including Cu/Zn superoxide dismutase (SOD1) with antioxidant and anti-inflammatory activity [31, 34, 35] . In the present study, we found positive association between plasma copper with serum CRP. Consistent with our finding, some cross-sectional studies conducted among healthy school children (n = 643, Bui et al., 2012), children with malaria (n = 105, Saad et al., 2013) , and schizophrenia case-control pairs (n = 80, Devanarayanan et al., 2016) found positive associations between copper level and serum CRP. Limitations of the existing studies include the restriction to participants of certain diseases in some studies [7, 8] , the relatively small sample size [7, 8, 17] , and the lack of adjustment for potential confounding factors (including age, sex) [7, 8, 17] .
Zinc affects multiple aspects of the immune system (including the antioxidant property, Prasad 2008), whereas excess zinc can also be toxic [35] . Both a deficiency and an excess of Cu or Zn can cause harm, so the homeostasis of both elements is strictly regulated [31, 36, 37] . On the one hand, Cu/Zn superoxide dismutase is an important scavenger protein that acts against oxidative stress mediated by reactive oxygen species (ROS) [38] . Meanwhile, zinc could compete with copper for binding to cell membrane and decreasing the production of hydroxyl radical (one type of ROS) [39] . An excess of zinc could also induce copper deficiency through reduction of gene expression related to copper absorption [35] . Despite these evidences, it is lack of epidemiological studies evaluating the interaction of copper and zinc on serum CRP. Our study found that zinc could attenuate the positive association between high plasma copper and CRP. These findings emphasize the importance to monitor the copper and zinc concentrations and maintain a copper-zinc equilibrium, given the toxicity of excess copper is generally not considered to be a widespread health concern [35] .
Selenium is incorporated into selenoproteins that have a wide range of effects, ranging from antioxidant and anti-inflammatory effects to the establishment of an effective immune response [40] . In the present study, we found plasma selenium levels were associated with the decreased concentrations of serum CRP. Particularly, serum selenium was associated with decreased CRP levels among individuals with low-grade inflammation (CRP levels > 1.02 mg/L) rather than individuals without inflammation (CRP levels ≤ 1.02 mg/L), suggesting the potential beneficial role of selenium in the management of low-grade systemic inflammation. The inverse association between selenium and CRP is in line with the cross-sectional studies of National Health and Nutrition Examination Survey III (blood selenium) [41] and the MONICA/KORA Augsburg Survey (selenium supplementation) [42] . Consistent with these observational findings, a clinical trial among type 2 diabetes or coronary heart disease patients (n = 60) showed that 200 μg/day selenium supplementation would lead to a significant decrease in serum CRP levels [43] . By contrast, 60 μg/day selenium supplementation showed no changes in CRP levels in a clinical trial of 20 patients diagnosed with cancer or sepsis [44] . The CARDIA cohort of 4,032 Americans also found no significant associations between toenail selenium and inflammation as measured by CRP [13] . Various reasons could explain the disparate findings between studies. First, selenium might show a protective effect only over a particular range of status, neither too low nor too high [40] . Therefore, if the selenium level in the reference group was high enough to provide full antioxidant benefits, further selenium intake might not offer any additional benefit [13] . Second, CARDIA used toenail selenium as a biomarker, which may reflect a different exposure time frame and selenium species and internal dose compartment than circulating selenium [13] . Third, the small sample size of one the clinical trial with null findings (n = 20) may limit statistical power [44] .
Although an in vitro study supported that selenium can inhibit copper-mediated oxidative DNA damage by organoselenium compounds, selenocystine, selenomethionine, and methylselenocysteine due to the metal-binding mechanism [45] , no data is available on whether selenium interacts with copper on human immunity. Therefore, we investigated the interactions of copper and selenium on CRP levels, and found exposure to high levels of selenium appeared to attenuate the positive associations between high-plasma copper and CRP. CRP levels < 1, 1 to 3, and > 3 mg/L have been related to lower, average, and higher cardiovascular risk, respectively [46] . Given the relatively high CRP levels (adjusted mean 5.31 mg/L) among participants with low selenium and high copper concentration, we can speculate that these participants are also at higher cardiovascular risk. Some animal studies suggested copper exposure would trigger oxidative stress and inflammation response [47, 48] . One major mechanism of copperinduced oxidative stress is through the interaction between Cu 2+ ions and reduced glutathione (GSH) [49] . Recognized as an important selenoprotein (constituted by selenium), glutathione belongs to the family of antioxidant enzymes that can remove hydrogen peroxide [40] , which may play an antagonistic effect. Further investigations are warranted to confirm whether selenium may attenuate adverse relationship of copper on CRP levels, and to investigate potential underlying mechanisms and the possibility of public health interventions.
One of the novel findings of the present study is that the high copper concentration magnifies the genetic predisposition to increased CRP level. We firstly calculated a genetic risk score based on multiple genetic loci, which has become the preferred method in analyses of gene-environment interactions [50, 51] . Interestingly, we found a significant interaction between copper exposure and geneticpredisposition score (both weighted and unweighted) in relation to CRP concentration. In addition, we found each of the individual SNPs also show significant interactions with copper concentrations in relation to CRP level. The consistent results from each individual SNP enhanced the robustness of our findings. Our data suggest that the genetic effects on CRP are stronger in persons with higher copper than in those with lower copper concentration, which provides useful information on the role of copper exposure in triggering inflammation. From another perspective, genetic susceptibility may partly account for the diverse response in inflammation in response to copper exposure.
The current finding is in consistent with the study hypothesis of "differential susceptibility", indicating that vulnerability gene variants may play a role like plasticity genes [52] [53] [54] . The genetic risk could
Redox Biology 29 (2020) 101404 either be magnified by an adverse environment (high copper concentration) or attenuated by a favorable environment (low copper concentration) [52] [53] [54] . However, the mechanisms involved in the interaction between copper exposure and the genetic predisposition to CRP remain unclear. Nevertheless, our findings are biologically plausible. GWAS studies have identified several genetic loci that affect serum CRP levels including those in CRP gene itself [55] , APOE gene [56] , and IL6R gene [18] . APOE gene plays a pivotal role in lipoprotein metabolism in the brain and in the periphery, with implications both in Alzheimer's disease and ischemic heart disease [57] . A genetic link between lipid metabolism and inflammation has been suggested by the association between variation in the APOE gene and plasma CRP [58] . Excessive copper would participate in ROS generation, increase oxidative damage to lipids, and induce inflammation [35] . It is plausible that some CRP and APOE gene variants may accelerate lipid oxidation and inflammation processes of copper through their effects on gene expression. Additionally, copper was reported to interact with Apolipoprotein E in Alzheimer's disease [59] . Patients with Alzheimer's disease may have altered copper status, which would affect gene expression and transportation of apolipoproteins, including APOE [59] . IL6R polymorphisms have been linked with IL-6 levels and CRP levels [60] . As IL-6 is a precursor of CRP [61] , larger stressor-evoked IL-6 responses over time may cause heightened systemic levels of CRP [62] . Experimental study based on rat cardiac cells suggested that copper seemed to induce IL-6 release through enhancing signaling pathways that normally regulate the basal IL-6 release [63] . Copper and IL6R variant may interact through increase of levels of IL-6, and so as to increase levels of CRP. It is possible that genes involved in the regulation of lipid oxidation and inflammation (including CRP, APOE, and IL6R) could be underlying the observed interaction, but we could not exclude the involvement of other plausible biological pathways. Rather than any single variant, the interaction on CRP might reflect the cumulative effects of multiple genetic loci. Because direct evidence is limited, further studies are warranted to unravel the biological basis underlying the observed interaction between the CRP-related GRS and copper concentration.
To the best of our knowledge, the present study is among the first to provide evidence of the interactions between metals, and metal exposure may interplay with overall genetic susceptibility on CRP level. We used the comprehensive coverage of the established CRP-associated genetic variants for GRS calculation among Asian population. More importantly, the consistent findings of the interaction between copper exposure and each individual SNP indicate the robustness of our results. Our findings provide new insights into the role of the exposure of multiple metals/metalloids and genetic variation in the regulation of CRP levels. The large sample size provides a decent chance of detecting moderate metal-metal, and gene-metal interactions. Nevertheless, we acknowledge that the current study is exploratory and several limitations need to be considered when interpreting our findings. First, the cross-sectional study design hinders us to draw inferences regarding temporality of the associations. Second, as each metal has unique distributions in the circulation system and different organs, plasma metals may not be optimal biomarkers of internal dose for all metals. In our previous study [24] , we found significant correlations between plasma and blood concentrations for copper and selenium, and between plasma and urine concentrations for selenium and zinc. Third, we only measured plasma metals at one time point, which may not reflect chronic exposures for all metals. We have evaluated the reproducibility of plasma metals concentrations collected 5 years apart [24] , and detected good reproducibility for plasma copper (intraclass correlation coefficients, ICC = 0.74) and selenium (ICC = 0.64). Although our GRS captured the combined information from the established CRP associated variants to date, it accounts for only a small amount of individual variation in CRP (weighted GRS 3.3% and unweighted GRS 2.5%), which were comparative to a previous study (4-SNP GRS explained 0.8%-2.4%, 18-SNP GRS explained 2.1%-10.8% among populations of different ancestry) [64] . It remains to be explored whether our findings could be generalized to other ethnic groups. Finally, replication studies in other populations and functional studies are warranted to confirm the findings and investigate the expression of the identified genes and verify the suggested biological pathways.
Conclusion
In conclusion, we found serum CRP levels were positively associated with plasma concentrations of copper, and inversely associated with plasma selenium. Importantly, the positive association of plasma copper with serum CRP appeared to be attenuated with high plasma zinc and selenium, providing the possibility of future public health interventions. Moreover, our results indicated that the association between copper exposure and CRP level might vary according to differences in genetic predisposition; and, vice versa, the genetic influences on CRP might be modified by copper concentrations. These novel findings provide the potential to bring new insights to personalized prevention and interventions for inflammation and cardiovascular disease, and further emphasize the importance of preventing high concentration of copper in the prevention of inflammation, particularly among those with high genetic predisposition.
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